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Abstract. For the purpose of removing distortions in ultrasonic computerized tomographic (CT) images
of wood, this study proposes a technique for taking into account the skewing effect in reconstructing the
image. First, it was experimentally confirmed that an ultrasonic wave is refracted because of the aniso-
tropic characteristics of wood. Transmission paths of an ultrasonic wave through a cross-section of wood
were predicted by considering the change in wave velocity based on the annual ring angle and the presence
of juvenile wood. Then, the methodology of the application of the predicted paths to CT image recon-
struction was proposed and verified. The accuracy of defect detection in wood was significantly improved
by the proposed technique.
Keywords: Ultrasonic wave, computed tomography (CT), transmission path, skewing effect, wave re-
fraction, juvenile wood.
INTRODUCTION
This study was carried out as part of a research
project aimed at developing an ultrasonic com-
puted tomographic (CT) system for wood in
field applications. In a previous part of the
project, a new ultrasonic transducer was devel-
oped to compensate for the high damping char-
acteristic of wood, and modified equipment set-
ups and measuring procedures were proposed
for field applications of the CT technology
(Tamura et al 1997; Adachi et al 1999). In ad-
dition, well-known existing algorithms, such as
the filtered back-projection method and the si-
multaneous iterative reconstruction technique,
were modified to reconstruct CT images from
incomplete time-of-flight profiles (Kim and Lee
2005a, b; Yanagida et al 2007).
However, there were some image distortions in
the CT images obtained. The detected defects
were enlarged, and their shapes were found to be
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distorted. The positions of the defects, in par-
ticular, were somewhat shifted to the surface of
the specimen in the CT image. To find the rea-
sons for the image distortion, Kim et al (2007)
investigated the variation of wave velocities on
the cross-section of a life-sized wooden struc-
tural member. From the results of the study, they
concluded that the ultrasound was heavily influ-
enced by the skewing effect in wood.
The skewing effect causes ultrasonic waves to
be aligned with the stiffer direction in aniso-
tropic material (Biernacki and Beall 1993; Dick-
ens et al 1996; Han et al 2005). This has also
been asserted by several research groups that
have tried to apply the ultrasonic CT technique
to wood. However, in their studies, the skewing
effect was not considered in the reconstruction
of CT images (Yomikawa et al 1986; Adachi et
al 1994; Kanda et al 1998).
This study aims to propose a technique for in-
corporating the skewing effect in the reconstruc-
tion of a CT image of wood. First, we try to
ascertain the transmission path of an ultrasonic
wave in a cross-section of wood. For this pur-
pose, ultrasonic wavepaths were estimated by
considering the skewing effect, and the sound
velocities of these paths were predicted. Then,
by comparing the predicted sound velocities
with the actual values, the wavepaths were ad-
justed. To test the technique, some ultrasonic CT
images were reconstructed by using the esti-
mated wavepaths.
MATERIALS AND METHODS
All of the data used in this paper were from our
previous study (Kim et al 2007); therefore, only
a brief explanation regarding testing materials
and methods is presented.
Materials and Measurement
Five black locust (Robinia pseudoacacia L.)
disks were used as specimens. The size of the
specimens was 200-mm dia and 30-mm thick.
The ultrasonic velocities of all specimens were
measured at eight measuring angles, at 20° in-
tervals from 40° to 180°. The measuring angle is
the angle between two lines from the center of
the specimen to the source and the receiver.
Then, a specimen was selected to make an arti-
ficially defective specimen. The diameter of a
hole-type defect was increased from 6 to 40 mm
in seven steps. For each step, the same measur-
ing process was repeated.
Estimation of Wavepaths
Kim et al (2007) measured the sound velocities
of small clear black locust specimens (30 × 30 ×
30 mm) which had a relatively constant annual
ring angle, other than for juvenile wood. Then,
they derived Eq 1, the predictor of sound veloc-
ity v as a function of the annual ring angle .
 =
2.0  1.3
2.0  sin1.8  + 1.3  cos1.8 
(1)
The ultrasound transmission path for each mea-
suring angle was traced by applying the basic
concept of a brute-force approach method, pro-
posed by Schneider et al (1992). It was assumed
that the pith was positioned in the exact center of
the specimen, and the annual rings were perfect
circles.
As shown in Fig 1, the line connecting the
source and the receiver was divided into 20 sec-
tions of the same length, and a cross-line (La, Lb,
Lc . . .) was drawn at each node. An ultrasonic
wave triggered at the source will arrive at every
point on the line La with different travel times.
We found the point of the shortest travel time
using another assumption that ultrasound goes
straight between the source and line La. The dis-
tance and annual ring angle were easily calcu-
lated from the coordinates of the source and a
point on the line, and the wave velocity was
obtained by using Eq 1. The travel time for ev-
ery point on line La was calculated from the
distance and velocity, and the point of the short-
est travel time was selected between the points
a and a as a in Fig 1.
After substituting point a for the source, the
point for the shortest travel time on line Lb was
determined by the same process. This process
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was repeated 10 times until the wave reached the
center line between the source and the receiver.
Then the remaining path was considered to be
symmetrical to the center line. By summing up
the shortest travel times of all the sections, the
ultrasonic time-of-flight (TOF) was obtained.
The wave velocity of each measuring angle was
calculated by dividing the straight distance be-
tween the source and the receiver by the TOF.
Reconstruction of CT Images
CT images of an artificially defective disk of
wood were reconstructed by applying the wave-
paths as illustrated in Figs 1, 2, and 3. Between
the 9th and 10th stage of the image reconstruc-
tion process proposed by Kim et al (2007), the
wavepaths were used to determine which pixel
existed on the wavepath of each measurement
(Fig 2).
RESULTS AND DISCUSSION
Transmission Path of Ultrasonic Wave on
Wood Cross-section
The straight paths between the source and the
receiver are shown in Fig 3a, and an ultrasonic
wave should move along these paths in isotropic
material. The refracted wavepaths estimated by
considering the anisotropic characteristic of
wood are also shown in Fig 3b. Because the
ultrasonic velocity was greater in the direction of
the smaller annual ring angle, almost all of the
wavepaths were predicted to be somewhat bent
toward the center of the specimen, but the level
of refraction was estimated to be different for
each measuring angle.
Ultrasonic Velocities Dependence on
Measuring Angles
The wave velocities calculated for each refracted
path are shown in Fig 4. In the figure, the cal-
culated velocities of straight paths and the mea-
sured results are shown together (Kim et al
2007). The wave velocities of refracted paths
were greater than those of straight paths by
about 7%. As the level of refraction increased in
Fig 3b, the velocity difference between the
straight and the refracted paths also increased.
The difference was at its maximum (about 17%)
at the 140° measuring angle.
Figure 1. Estimation process for refracted wavepath using sound velocity as a function of annual ring angle.
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Figure 2. Flowchart for reconstruction of a cross-sectional image (Kim et al 2007).
Figure 3. Transmission paths of an ultrasonic wave through a wood cross-section.
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When the predicted velocities were compared
with the measured results, the predicted veloci-
ties were lower by about 5–10% at measuring
angles of 60, 80, and 100°. This was thought to
be caused by an error in the measuring position.
The position of the source and the receiver was
assumed to be a point in the estimating process
of the wavepath, but the transducer made contact
with the specimen with a circular face of 10-mm
dia in the measuring process. As a result, some
errors may be included in the travel distance of
the ultrasonic wave. This error would increase as
the measuring angle decreases.
In addition, as the measuring angle decreases,
the influence of the surface wave would in-
crease. Because a surface wave is slower than a
longitudinal or transverse wave, it generally
does not influence the ultrasonic measurement.
But if the measuring angle is too small, a surface
wave will arrive at the receiver just after the
main signal with high energy intensity. Also, the
surface wave makes it difficult to determine the
arrival time of the main signal. The effect of the
surface wave was thought to be the reason for
decrease in error at 40 and 60°.
The predicted velocities were faster than the
measured results at 140, 160, and 180°. This
difference was thought to be caused by the pres-
ence of juvenile wood at the center of the speci-
men. As the measuring angle increased, the ef-
fect of juvenile wood on wave velocity also in-
creased.
Adjustment of Wavepath by Considering
Juvenile Wood
Because the sound velocity in juvenile wood is
slower than that of sound wood (Han et al 2005),
the level of refraction was expected to decrease.
To compensate for the error caused by the pres-
ence of juvenile wood, the positional range and
the sound velocity variation of juvenile wood
should be determined in advance; however, it is
difficult to measure these properties with a
method that is nondestructive.
In this study, a simple and intuitive method for
modifying the predicted wavepaths was pro-
posed by considering the presence of juvenile
wood. The wavepaths at the measuring angles of
120, 140, and 160° were determined as below to
make the spaces between adjacent paths com-
paratively constant.
In the case of the 140 and 160° measuring
angles, the wavepath in Fig 3b showed an abrupt
refraction at the center point. But this kind of
abrupt refraction was thought unreasonable in
continuum material without an internal bound-
ary. Therefore, the central part of the refracted
path was changed to be horizontal. Then the ad-
justed paths in Fig 3c were determined to be at
the center of the straight and refracted path of
each measuring angle.
When the path at 120° was adjusted in the same
manner, the adjusted path at 120° overlapped
with the path at 100° in the central part. Because
the effect of juvenile wood on the wavepath at
120° was expected to be smaller than that at 140
and 160°, the adjusted path for 120° was simply
located at the center of the 100 and 140° wave-
paths.
The ultrasonic wave velocities calculated for the
adjusted wavepaths are shown in Fig 5. Because
the wavepaths at measuring angles of up to 100°
were not influenced by juvenile wood, the posi-
tional range of the juvenile wood was assumed
to be 40% of the radius of the specimen. Also,
the sound velocity of juvenile wood was as-
sumed to be 90% of that of the sound wood.
The difference between the measured and the
Figure 4. Measured and calculated sound velocity for each
measuring angle.
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calculated velocities was reduced when the ef-
fect of juvenile wood was considered; however,
it was still large at 180°, the wavepath of which
did not change at any stage of this study. This
was thought to be caused by the overestimation
of the sound velocity of juvenile wood. When
the sound velocity of juvenile wood was as-
sumed to be 70% of that of mature wood, the
calculated velocities more closely approached
the measured results. However, it was difficult
to draw any conclusions on the sound velocity of
juvenile wood only from the results of this
study.
CT Image Reconstruction of Artificially
Defective Specimens
In Fig 6, CT images reconstructed by applying
the three kinds of wavepaths in Fig 3 are shown.
When the straight paths were applied, the sizes
of detected defects were enlarged and their po-
sitions somewhat shifted to the surface of speci-
mens on the images (Fig 6a). The CT image was
reconstructed based on the assumption that an
ultrasonic wave was transferred along the
dashed lines of Fig 7. However, an ultrasonic
wave was transferred along the solid lines due to
the skewing effect. In the case of Receiver 1,
although there was a defect on the straight path,
the travel time was not delayed because the ar-
riving signal passed around the defect. On the
other hand, the travel time of the signal received
at Receiver 2 was delayed. For these reasons, the
position of the defect on the CT image was
shifted to the surface of the specimen.
Figure 5. Sound velocities calculated for adjusted paths.
Figure 6. Reconstructed CT images of a wood disk for each defect size.
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The CT images in Fig 6b were reconstructed by
taking into account the wave refraction in wood,
and it was confirmed that the detection accuracy
of the defect position was improved remarkably.
There was a tight knot at the upper left quadrant
of the specimen, and its shape was thin and long.
The knot was detected on almost all of the CT
images, but the shape was more similar to the
actual condition when the wave refraction was
considered.
However, the shapes of the detected defects
were slightly expanded to the center of the speci-
men. This was thought to occur because of the
overestimation of wave refraction for the larger
measuring angles because the effect of juvenile
wood was not considered.
For the CT images of Fig 6c reconstructed by
applying the adjusted paths, artificial defects
over 23-mm dia were detected very accurately.
The artificial defects of 13 and 18-mm dia were
detected on the CT images, but the positions and
shapes were somewhat different from the actual
conditions. The reason was thought to be that the
effect of the measuring error was exaggerated
because the diameter of the artificial defect was
smaller than the wavelength of the ultrasonic
wave (about 22 mm).
From the above results, the adjusted paths in Fig
3c could be verified to precisely show the ultra-
sonic wavepath in wood. But this study was per-
formed for only one species and on a small por-
tion of a specimen. Therefore it is not reasonable
to directly apply the wavepaths estimated in this
study to improvement of any other ultrasonic CT
system. This study was aimed only at proposing
a methodology for predicting the wavepaths in
wood by considering the skewing effect and ap-
plying the predicted wavepaths to the process for
CT image reconstruction.
CONCLUSIONS
It was experimentally confirmed that an ultra-
sonic wave was refracted in wood by the aniso-
tropy of the wood structure. Wavepaths were
predicted at different measuring angles by con-
sidering the variations in wave velocity caused
by the changes in the annual ring angle and the
presence of juvenile wood. The methodology of
the application of the predicted paths to the pro-
cess of CT image reconstruction was proposed
and verified. By using this technique, the accu-
racy of defect detection in wood can be signifi-
cantly improved.
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